In GAMMA 10, the plasma potential at the plug region, which is generated by fundamental ECRH, is linked to the end plate potential. There are two factors in this linkage. One is the field-aligned flow of warm electrons driven into the loss cone by ECRH. The other is a finite current through the end plate. This current is connected to an ion current, which is detected on annular electrodes in the end mirror cell where the plug potential is formed. An experimental attempt to externally control this current was performed by varying the resistance connecting the end plate to the vacuum vessel, and a picture of current circulation was obtained. In this circuit, ECRH generates an electromotive force by driving the axial flow of electrons. This electromotive force is divided into the positive plug potential and the negative end plate potential, respectively as measured from the vacuum vessel to meet the condition of a closed circuit.
Introduction
Generation of an ion confining potential φ c as the basic issue of the tandem mirror concept has been proved in many devices [1] [2] [3] [4] . However, the schemes of potential creation do not necessarily follow the scenario originally supposed at the beginning of the tandem mirror study, and the physical mechanism of potential creation is still undetermined. In the original scenario, the formation of φ c was predicted from a local balance between the densities of the ions and the electrons around the plug region [5] [6] [7] [8] . In fact, in real experiments, the plug region is not free from interaction with other regions; a plasma flow emanates from the central cell [9] . The importance of this flow has recently been recognized both experimentally [10, 11] and theoretically [12, 13] . Moreover, the end plate installed on the end wall of the vacuum vessel great complicates the situation [14] . The magnetic field lines passing through the plug region reach the end wall, hence, a close connection between the plug region and the end plate is very likely. The experimental observations strongly suggest this [15] . This paper discusses the connection of the potential at the plug region Φ P to the end plate potential Φ EP based on data from the GAMMA 10 tandem mirror. Here, the symbols Φ P and Φ EP represent the values measured from the vacuum vessel. Fundamental electron cyclotron resonance heating at the plug region (plug ECRH) [16] creates φ c = Φ P -Φ C , and strongly suppresses the axial flux of ions escaping from the central magnetic mirror with a potential Φ C [17] . At the same time, it induces an intense axial flow of warm electrons with energies of hundreds of eV to several keV [18] [19] [20] . The outgoing flux of the warm electrons is much larger than the plugged ion flux. Thus, Φ EP descends below the vacuum vessel potential to reflect the greater portion of the warm electrons. The potential difference ∆Φ = Φ P -Φ EP is largely determined by the axial electron dynamics [21] [22] [23] [24] [25] . Therefore, it is very likely that Φ P gears with Φ EP .
The second factor that connects Φ P with Φ EP is a finite current through the end plate [14] . This connection is rather indirect. For examination of the role of this current, it is a good experimental approach is to vary the value of the resistance that connects the end plate to the vacuum vessel [26] . In this experiment, the connection between the plug potential and the end plate potential was examined under external control of the current flowing through the end plate. Subsequently, an equivalent circuit can be drawn that connects the plug and the end plate. An electromotive force representing the effect of ECRH on electrons was included in this circuit. The same picture holds for the high end plate resistance of normal plasma shots [27] . In addition, this experiment also provides a good data base for a model of a current-carrying sheath, which is an interesting problem in plasma physics [28, 29] .
The present study has two important aspects. First, it offers important insight into the three-dimensional potential structure [9] . The plug ECRH drastically changes the three-dimensional potential structure [21, 25, 30] . To determine the significance of the potentials at each position as measured from the vacuum vessel, it is necessary to examine the structure of particle flow in the plasma. Each region of the plasma is linked to other regions with effective impedances inserted in between. Each region is also connected to the vacuum vessel through radial particle transports. Although the scope of the present study was limited to the plug and the end regions, our findings provide direction to the next step. Second, our findings are relevant to evaluation of the ion-confining potential. Since the response of the central cell potential Φ C to the plug ECRH is different from those of Φ P and Φ EP , creation of the ion-confining potential φ c = Φ P -Φ C cannot be fully understood without the viewpoint provided here. This paper is organized as follows. The experimental setup is described in Sec. 2. Section 3 gives a brief summary of the observations that motivated the present study. Section 4 describes the experiment using external control of the end plate current. Then, a picture of current circulation between the plug and the end plate is presented in Sec. 5. Finally, conclusions are given in Sec. 6. Figure 1 illustrates the axial profile of the magnetic field strength in the end mirror cell where the plug potential is created. For a standard experiment, the magnetic field strength at the throats of both mirrors is 3.0 T and that at the mid-plane is 0.5 T. Fundamental ECRH is applied at the plug position where the magnetic field strength is 1.0 T. The microwave power delivered from a 28 GHz gyrotron with a maximum power of 200 kW is radiated from a Vlasov-Nakajima antenna, reflected off a cylindrical mirror, and injected to the resonance surface in the x-mode [31] .
Experimental Setup
The end region is located outside the end mirror cell in which the magnetic flux tube is expanded. An end plate of stainless steel is installed on an end wall of the vacuum vessel. The magnetic field strength at the end plate is 0.01 T, 1/40 times as large as that at the central cell mid-plane (B = 0.4 T). The end plate consists of five concentric annular plates. Each plate is connected to the vacuum vessel through a resistance R EP . The standard value of R EP is 0.275 MΩ. In the experiment on variation of the end plate resistance, the value of R EP was varied over several orders of magnitude. Equivalent radial extensions of each plate mapped to the mid-plane of the central cell along magnetic field lines are shown in Fig. 1 . The plasma radius is restricted to 18 cm by a floating limiter installed near the mid-plane of the central cell. End loss electrons and ions are measured with an electrostatic energy analyzer located behind a small hole in the end plate [20, 32] . The potential Φ C near the midplane of the central cell and the potential Φ B at the midplane of the end mirror cell are measured by beam probes [33] . The plug potential Φ P is evaluated from the energy spectrum of the end loss ions. Several Langmuir probes are used to measure potentials in the end region [25] . All these potentials are measured in reference to the vacuum vessel. The potentials measured from the vacuum vessel are represented by capital Φ, and potential differences between two positions are denoted by lower case φ.
A limiter and two ring electrodes are installed in the axisymmetric end mirror cell, as shown by vertical bars in Fig. 1 . The inner ends of each bar indicate their equivalent radii. These are connected to the vacuum vessel with a low resistance, typically 1 Ω, the voltage drop of which reads currents I L flowing to the vacuum vessel through the limiter and the ring electrodes.
Motivational Observations 3.1 Warm electron flow as a cord of Φ P and Φ EP
An ICRF wave excited in the central cell sustains a plasma, and a slow wave with a different frequency heats ions in the central cell [34] . After a steady state has been attained, fundamental ECRH at the plug region (plug ECRH) is turned on to create the plug potential. We refer to this as mode 1. Figure 2 shows the wave forms of the plug potential Φ P , the central cell potential Φ C , the barrier potential Φ B at the mid-plane of the end mirror cell, and the end plate potential Φ EP from a typical plasma shot of the mode 1. The plasma discharge starts at 50 ms. On application of the plug ECRH at 110 ms, potentials at each position substantially vary, and Φ P becomes highest [30] , which results in generation of φ c and an increase in the central cell electron density.
We can produce a plasma without the ICRF wave in the central cell. A combination of the second harmonic ECRH at the barrier region, near the midplane of the end mirror cell, and NBI sustains a plasma [2] . Then the plug ECRH is turned on. We refer to this as mode 2. Figures 3 (a) and (b) plot Φ P and Φ EP as functions of the plug ECRH power P ECRH for the two respective experimental modes. The dependence of Φ P on P ECRH is rather gentle for mode 1, while Φ EP strongly decreases with P ECRH . For mode 2, on the other hand, Φ P strongly increases with P ECRH , while Φ EP is shallower than that for mode 1. These potentials are measured in reference to the vacuum vessel. However, the particles moving along the magnetic field lines respond to the potential difference, and ∆Φ = Φ P -Φ EP has physical import. Since the data in Figs. 3 (a) and (b) were obtained from different experimental modes, ∆Φ does not have the same value for the same P ECRH . The scaling factor of ∆Φ is the effective temperature T eff as the mean energy of the end loss electrons [23] . Figure 4 represents the relation between ∆Φ and T eff and shows the linear dependence of ∆Φ on T eff . Data points obtained from the two modes are plotted with different symbols (open circles for the mode 1 and closed circles for mode 2). No systematic deviation is seen between the data points of the two modes. The linear dependence of ∆Φ and T eff indicates a close connection between Φ P and Φ EP with the axial electron dynamics. Given that the potentials as measured from the vacuum vessel are considered to be determined by many factors, the simple relation is rather peculiar.
Current flowing through the end plate
As mentioned above, a finite current flows through the end plate. This fact has been most clearly demonstrated by a mesh bias experiment [35] . During plugging, the ECRH-induced axial flux I e of warm electrons is much larger than the end loss ion flux I i . Therefore, when the end plate resistance R EP is set at a sufficiently large value, the primary electron flux I e should be balanced with the secondary electron flux I se emitted from the end plate. In the experiment, I se was suppressed by a negatively-biased mesh set in front of the end plate. Under this condition, the end plate potential Φ EP should have become deeply negative to reflect the primary electron flux, and I e at the end plate was expected to decrease to the same magnitude as I i . However, the decrement in I e was not sufficient. This result could not be explained until examination of a finite current through the end plate was conducted [14] .
The electron flux I e and the ion flux I i are measured with the multi-grid electrostatic energy analyzers located behind the end plate. The secondary electron flux emitted from the end plate is evaluated as I se = (1 -R)(γ i I i + γ e I e ), where γ i and γ e are the secondary electron emission coefficients, and R is the mirrorreflection coefficient of the secondary electrons off the outer mirror throat. The analysis of these currents has shown that I e -I i -I se -I R is not zero, and that another current, I 3 = I e -I i -I se -I R , is necessary for current balance at the end plate. Here, I R = -Φ EP /R EP and is defined to be positive for a current flowing into the end plate. For usual shots, R EP is sufficiently large and I R can be neglected. Details of the analysis are described in Ref. 14. Figure 5 illustrates the relevant currents. The sum I n = I 3 + I R is the net current flowing through the end plate. We searched the current channel corresponding to I 3 . A plasma is created in the backside space of the end plate during the plug ECRH. An array of Langmuir probes was installed in this space. When the probe bias voltage was set equal to Φ EP , ion currents with the same polarity as I 3 were detected. Integration of this current over the end plate area yields 15 ∼ 20 % of I 3 . A cold ion flow created by ionization in the end region is another possibility [36] . The estimated value of this current shares 10 ∼ 20 % of I 3 . The current I 3 had not been fully identified at the time of this report. Notably, the two experiments of mesh bias and R EP variation described below cannot be fully explained without I 3 . Its physical import will also be discussed in Sec. 5. Figure 6 plots I 3 as a function of I e measured at the usual value of R EP = 275 kΩ. The value of I 3 is around one fifth of I e and increases with I e . The value of I 3 is larger than I i , which is usually less than one tenth of I e during ECRH. Because of this current, the end plate potential Φ EP becomes shallower than that expected for I n = 0 [25] . When the value of R EP is reduced, the contribution of I R to I n becomes large. From the viewpoint of current balance through the end plate, I 3 and I R have the same physical role. Thus, we can externally control the net current by changing the value of R EP .
Experiment on Variation in End Plate
Resistance Although the main factor that determines Φ EP is the axial electron dynamics, the net current through the end plate is not a negligible factor of Φ EP as measured from the vacuum vessel. As shown above, Φ P strongly correlates with Φ EP , and consequently, the value of Φ P will be affected by the net current. We conducted an experiment on variation in the end plate resistance R EP between the end plate and the vacuum vessel. In this experiment, the value of R EP was varied over several orders of magnitude, and it was expected that the net current through the end plate could be externally controlled. As is shown in Sec. 5, the smaller R EP is, the larger the current I R = -Φ EP /R EP through R EP is. Thus, decreasing R EP certainly simulates the effect of an increasing net current.
The variations of the potential Φ C at the central cell, Φ B at the barrier mid-plane, Φ P at the plug, and Φ EP are plotted in Fig. 7 as functions of R EP . All the potentials increase with decreasing R EP . However, the increments in Φ C , Φ B , and Φ P are smaller than that in Φ EP . Thus, ∆Φ = Φ P -Φ EP becomes small with decreasing R EP . The net current I n varies over a wide range with variation of R EP , and the ratio I n /I e also varies significantly. Figure 8 plots Φ P , Φ EP and ∆Φ = Φ P -Φ EP as functions of I n /I e . The potential difference ∆Φ decreases with I n /I e . This shows that the net current is another significant factor of linkage of Φ P to Φ EP . The Fig. 7 The plasma potentials Φ P at the plug, Φ C at the central cell, Φ B at the barrier and Φ EP at the end plate are plotted as functions of the end plate resistance. Fig. 8 The plug potential Φ P , the end plate potential Φ EP , and the potential difference ∆Φ = Φ P -Φ EP are plotted as functions of the ratio of the net current through the end plate and the electron current.
value of ∆Φ can be divided into the potential drop ∆Φ M (due to a steep decrease in the magnetic field strength outside the mirror throat) and the sheath potential ∆Φ S at the front of the end plate [22, 24, 25] . Although both ∆Φ M and ∆Φ S decrease with increasing I n /I e , the decrease of ∆Φ is largely due to the variation in ∆Φ S . The decrease of ∆Φ S with I n /I e can be analyzed by using as a current-carrying sheath model [28] . However, this model does not include the effect of variation in magnetic field strength. We developed a theoretical model for ∆Φ = ∆Φ M + ∆Φ S [29] . It includes the variation in magnetic field strength as well as the effect of the net current through the end plate. This model, which does not distinguish I R from I 3 , well reproduces the measured ∆Φ over the full range of variation of R EP . The value of I R is negligible for large R EP but becomes larger than I 3 for small R EP . Thus, it is again confirmed that the externally controlled I R has the same physical effect as I 3 on the value of Φ EP .
Connection between the Plug Potential and the End Plate Potential
In contrast to the direct connection of Φ P to Φ EP by the axial electron flow, the effect of the net current on Φ P is rather indirect. An ion current is detected on the annular electrodes in the peripheral region of the end mirror cell, and it substantially increases during the plug ECRH. A detailed analysis indicates that the ion current is connected to the net current through the end plate [27] . Therefore, the plug potential is also linked to the end plate potential via a current circuit through the vacuum vessel. We consider the structure of this circuit in this section. Figure 9 plots ⏐Φ EP ⏐ of the innermost (#1) plate and I R = -Φ EP /R EP flowing into the same plate as functions of R EP . The end plate potential is nearly constant for R EP ≥ 3 kΩ. For smaller R EP , it becomes shallow and proportional to R EP . The current I R behaves contrary to Φ EP . It is nearly constant for R EP ≤ 0.5 kΩ and decreases proportionally to R EP -1 for R EP ≥ 3 kΩ. Thus, viewing from the end plate resistance, the ECRHdriven plasma behaves as a voltage source for R EP ≥ 3 kΩ and as a current source for R EP ≤ 0.5 kΩ. The solid lines in the figure represent values calculated from the following equations.
Electromotive force generated by ECRH
(1)
The experimental data very well fit the calculated values over six orders of magnitude.
Equations (1) and (2) and the Ho-Thevenin's theorem draw the following picture. An electromotive force is generated by the plug ECRH in the end region. A voltage of 1,750 V as part of this electromotive force is supplied between the end plate and the vacuum vessel when R EP = ∞, and the resultant impedance of the other current paths is evaluated to be 800 Ω. Since the data points are very well represented by the two equations, it is considered that the circuit structure remains unchanged for a wide variation of R EP and seems to be intrinsic to the GAMMA 10 plasma. The supplied voltage between the end plate and the vacuum vessel depends on the ECRH power, but the value of the resultant impedance is insensitive to the ECRH powers. It is almost the same even for a plasma without ECRH.
Connection between Φ P and Φ EP
For the continuity of current, the net current should be connected with another region. Figure 10 plots the ion current on the annular electrodes in the end mirror cell. The electrodes are connected to the metal vacuum vessel with a low resistance of 1 Ω. The ion current increases with the net current through the end plate [37] . This indicates that the plug region is linked to the end plate by a current flowing through the vacuum vessel. The net current I n is nearly equal to I 3 for the usual value of R EP = 275 kΩ, and, as shown in Fig. 6 , I 3 increases with I e . This indicates that the plug ECRH is the predominant driving force of the current and the potential structure from the plug to the end plate. We can draw an equivalent circuit representing the current and potential structure from these observations. Figure 11 shows the potential distribution along this circuit. The electromotive force is generated by the plug ECRH through its action on electrons. The electromotive force is shared by the potential drops ⏐Φ EP ⏐ and Φ P . The plug potential Φ P is equal to the radial potential difference at the plug/barrier cell. In the figure, the ion current from the plug to the vacuum vessel represents the current detected on the ring electrodes. The net current is, for example, carried by the ion flow to the end plate and the electron flow to the vacuum vessel through the plasma in the space backside of the end plate. In the case of low R EP case, I R = -Φ EP / R EP is also represented by this current.
Although we do not yet fully understand the elementary process by which the electromotive force is divided into Φ P and ⏐Φ EP ⏐, the potential distribution must be determined self-consistently to meet the axial and radial transports simultaneously. The value of Φ P , in this sense, is affected by the condition of the end region. In the R EP variation experiment, Φ EP approaches to the vacuum vessel potential (Φ = 0) with increasing I n . This results in the decrease of ∆Φ. From the viewpoint of field-aligned plasma dynamics, the decrease of ∆Φ has great import. However, this experiment provides more significant suggestions. It is not always inevitable that Φ EP approach zero. For the same ∆Φ, another factor is necessary for Φ EP to be determined. The nature of the plasma changes to a constant current mode for small R EP , then, Φ EP approaches zero with decreasing R EP . On the other hand, the plasma behaves as a constant voltage source for large R EP . Since the end plate is not exactly floating as shown above, the value of Φ EP is determined from the balance of the currents including I 3 , which is connected to the radial ion current in the plug/barrier cell. The net current acts as a mediator between Φ P and Φ EP . Thus, Φ P is determined as ∆Φ + Φ EP .
Conclusions
In GAMMA 10, the plug potential Φ P is connected to the end plate potential Φ EP . The potential difference ∆Φ = Φ P -Φ EP scales to the temperature of the ECRHinduced end loss warm electrons, which indicates that the axial electron dynamics is the main factor in this connection. ECRH generates an electromotive force with an effective internal impedance of about 1 kΩ between the plasma, and the end plate and a finite net current flows through the end plate. The net current is another factor linking Φ P to Φ EP . The experiment on R EP variation demonstrated its importance. A net electron current flows to the end plate from the end mirror cell, and an ion current issues radially in the end mirror cell. The metal vacuum vessel connects these currents. It is considered that the values of the potentials as measured from the vacuum vessel reflect their settling to meet the axial and radial current balance. The net current is the mediation factor for division of ∆Φ into Φ P and ⏐Φ EP ⏐. The value of the central cell potential Φ C is also determined self-consistently from the structure of the current in a whole plasma. Consequently, the ionconfining potential is formed as difference between Φ P and Φ C . A preliminary analysis of the current structure Fig. 11 Is drawn the potential distribution in the equivalent circuit that connects the plug and the end plate. The plug ECRH generates the electromotive force between the plug and the end plate. This figure depicts a typical potential distribution for the mode 1. Fig. 10 The sum of the currents on the electrodes in the end mirror cell is plotted as a function of the net current.
has been given in Ref. 27 , though the equivalent circuit is currently only a phenomenological picture. Detailed investigation of the elementary processes suggested by this picture is the next step.
